Abstract The prevalence of doping in elite sports is relevant for all those involved in sports, particularly for evaluating anti-doping policy measures. Remarkably, few scientific articles have addressed this subject so far, and the last review dates back to 1997. As a consequence, the true prevalence of doping in elite sports is unknown. Even though it is virtually impossible to uncover the exact prevalence of a prohibited activity such as doping, various methods are available to uncover parts of this particular problem, which enables the circumvention (to a certain degree) of the issues of truthfulness, definition problems and the limits of pharmacological evidence. This review outlines the various methods that exist and presents the scarce data available in this area. It is concluded that a combination of questionnaires using the Randomised Response Technique and models of biological parameters is able to provide the statistical possibilities to reveal accurate estimates of this often undisclosed practice. Data gathered in this way yield an estimation of 14-39 % of current adult elite athletes who intentionally used doping.
These period prevalences have been found in specific subgroups of elite athletes, and the available data suggest that the prevalence of doping is considerably different between sub-groups with varying types of sport, levels and nationalities. The above-mentioned figure of 14-39 % is likely to be a more accurate reflection of the prevalence of intentional doping in elite sports than that provided by doping control test results (estimate of doping: 1-2 % annually) or questionnaire-based research (estimations between 1 and 70 % depending on sport, level and exact definitions of intent and doping). In the future, analytical science may play a more important role in this topic if it may become feasible to detect very low concentrations of prohibited substances in sewage systems downstream of major sporting events. However, it is clear that current doping control test results show a distinct underestimation of true doping prevalence. It does not seem feasible to distil better estimates of the prevalence of doping based on performance indicators or ego documents because of the various existing effects that influence athletic performance. Such information can only be used as extra information to augment the accuracy of prevalence rates that have been found by using other techniques. True doping prevalence studies have been scarce in elite sports so far. With the correct application of the available scientific methods, preferably using harmonised definitions of the terms 'doping' and 'elite sports', more information on this topic may be gathered in a relatively short time. This would assist antidoping professionals in the future in order to evaluate the effects of possible anti-doping measures, and better antidoping policies would serve athletes who compete without doping. The existing anti-doping measures seriously impact the lives of elite athletes and their immediate entourage, which imposes a moral burden to evaluate these measures in the best possible way.
Introduction
The true prevalence of doping in elite sports is often discussed. Various methods exist to study doping prevalence, but recent revelations by various elite cyclists underlined a discrepancy between true prevalence figures and positive doping tests [1, 2] . This discrepancy is probably not limited to cycling [3] , and casts serious doubts on the effectiveness of current anti-doping policies.
The main aim of this article is to discuss the advantages and disadvantages of available methods to gather information on the prevalence of doping in elite sports: (1) laboratory-based chemical analyses; (2) questionnaires; (3) inferences from performances; and (4) inferences from ego documents. A secondary goal is to discuss the currently available scientific data on the prevalence of doping use in elite sports in order to estimate actual doping use. The last review on this subject was published in 1997 [4] .
Practical Limitations of Studying Doping
Three inherent limitations are associated with trying to reveal prevalence figures for doping in elite sports. First, chemical analyses cannot detect all the doping substances or methods available to an athlete. The pharmacokinetics of doping substances are such that performance-enhancing effects often outlast the time window for detecting traces of a substance in an athlete's bodily specimen [5] . Over the last few years there has been an increasing number of antidoping rule violations (ADRVs) based on indirect (nonanalytical) evidence of the use of prohibited substances. Such efforts can be expected to narrow the gap between actual doping and analytical results. However, as yet, these cases are limited in number [3] .
A second limitation is that of any study design that relies on personal input from athletes; they cannot be expected to be completely truthful, as doping is prohibited. Particularly when athletes are still active, there is an obvious barrier to discussing doping in detail. This limits the accuracy of data gathered using personal contacts.
Third, there is a definition issue. Some prohibited substances, such as cocaine, marihuana and alcohol, are also used in so-called 'social' settings without any intention to enhance athletic performance. Some athletes may not regard this as doping, while the anti-doping rules will flag this as an ADRV when traces of these substances are found in an athlete's urine during the competition, even when the actual use occurred several days before. When asked about their 'doping' such athletes may not provide full and correct information, even if they intend to cooperate truthfully with the researcher [6] . The opposite is also a confounder: an athlete may be convinced that he is breaking the rules even when the substance is in fact not prohibited. Such misunderstandings regarding the legal definition of 'doping' limit the interpretation of available data on this issue.
The Need for Reliable Data
Despite these inherent limitations, it is important to try and determine a reliable, clearly defined prevalence of doping in elite sports. For anti-doping professionals, such information allows for an evaluation of the effectiveness of their policies (preventive measures, education, tests, sanctioning regime, focus on drug trafficking, etc.). Such evaluations are currently essentially lacking in the field of anti-doping, which begs the question from some critics whether antidoping policies are legitimised at all [7] [8] [9] [10] [11] . The various efforts aimed at informing athletes of the existing antidoping rules (education, tests, sanctioning) require considerable resources. All these efforts are legitimised by the perception of as yet non-disclosed violations. But the true extent of the problem is seldom addressed, and so estimations on doping prevalence tend to vary to a large degree, starting from 'few' to 'all' athletes [12, 13] . This also leads to popular but unfounded statements such as 'it is impossible to cycle a Tour de France without doping' or 'every finalist in an Olympic 100 m track final must have used doping'. Reliable scientific data would enable such general statements to be verified. In addition, factual information about doping prevalence would perhaps give more support to true clean champions.
Definitions
Definitions of the most essential terms in this review are outlined in Table 1 . In this article, the term 'substances' should be read as 'substances and/or methods' so as to
Key Points
The prevalence of doping in elite sports is likely to be between 14 and 39 %, although this figure can differ widely in various sub-groups of athletes.
The prevalence of doping can be best measured using a combination of questionnaires using the Randomised Response Technique and available models of biological parameters.
Measuring the prevalence of doping in elite sports is important for both anti-doping policy discussions and for the athletes themselves. Trustworthy prevalence figures provide a tool for evaluating the effectiveness of anti-doping policies.
include all prohibited substances and methods that are mentioned on the official Prohibited List International Standard [14] .
Search Methods
Data were extracted from personal files, as well as from a comprehensive literature search in the PubMed database without limits in search period. Key words were 'prevalence' or 'incidence', combined with 'doping' or 'performance', followed by individual inspection of titles and, if necessary, abstracts. Reviews and original articles focussing on elite athletes were always included; prevalence studies in other groups of athletes were only included if their content or methodology added something new to the previously collected studies.
Laboratory-Based Chemical Analyses

Doping Control Test Results
An obvious source of information for the prevalence of doping use is the result of doping tests, based on either urine or blood analyses. Since 2003, the World AntiDoping Agency (WADA) annually publishes an overview of Adverse Analytical Findings (AAFs) reported by official WADA-accredited laboratories [15] ; the International Olympic Committee (IOC) did this in the years before (personal communications). These data encompass more than 50 different sports, including all Olympic and Paralympic sports. Table 2 lists these data, which are generally difficult to access publicly. WADA has improved the transparency of these data during the last few years, but detailed information on the exact substances found in which sports or laboratories is not provided. These are anonymous data by default, since a doping control laboratory does not know the identity of the athlete who produced the sample.
These data have various limitations. First, they only show what substances have been found at the time of sample collection. Detection windows of the various prohibited substances are highly variable, ranging from hours to months after last use [5, 16, 17] . Some effective doping substances have a very short detection window, especially when used in low doses, and thus cannot be traced days or even hours after administration. Intentional users of doping are known to employ such techniques, knowing that they will not be tested every day [1, 18, 19] . This means that doping tests, even when performed at irregular intervals at unexpected times, will never catch all athletes who dope.
A second limiting factor for detecting doping is the analytical capability of doping laboratories at the time of analysis. According to current anti-doping rules, re-analysis of older samples may be done up to 8 years after sample collection to benefit from improved analytical techniques. The cases where this was deployed, such as for methoxy polyethylene glycol-epoetin beta and methandienone, yielded some new doping cases, but these were only small in number, yet very high profile at times [20, 21] . In 2005, the French newspaper L'Equipe published the results of re-analysis for recombinant human erythropoietin (rhEPO) in samples from the 1999 Tour de France. These retrospective analyses, which at the time were judged to be legally inadmissible according to the anti-doping rules that were in place in 1999, but which later proved to be correct at least in the case of 1999 first-finisher Lance Armstrong, revealed that 20 samples showed signs of rhEPO out of a total of 67 extra analyses shown by the newspaper (point prevalence of 30 %) [22] . Third, the official laboratory data simply refer to the substances that have been found in an athlete's specimen, even when an athlete had a genuine therapeutic need for a particular substance. In such a case, the athlete may have a valid 'Therapeutic Use Exemption' (TUE) to use this substance. For example, an asthmatic using formoterol and budesonide will show up twice in the overview of AAFs, but this cannot be regarded as doping as long as therapeutic guidelines given by the doctor are followed. This means that the anonymous overviews of laboratory findings also possess an inherent overestimation, particularly of intentional doping.
An extra problem for assessing accurate prevalence data of doping is that most AAFs in the category 'anabolic steroids' refer to atypical steroid profiles, which do not constitute an ADRV. In such cases, additional testing is needed before such 'atypical' findings can be regarded as proof for doping. As shown in Table 2 , WADA has reported the difference between AAFs and ATFs since 2008, but this distinction was not made in the years before. A large proportion of the reported AAFs are in fact not linked to ADRVs. This example also shows the difficulty in using these data in longitudinal analyses. The data that are published annually are based on the rules at that time [15, 23] . Since these rules may change, it is difficult, if not impossible, to compare these data over the years. The percentage of 'findings' in doping test results have fluctuated between 0.96 and 2.45 % over the years. Analyses per country yield similar period prevalences, although the fluctuations may be somewhat larger [24] [25] [26] [27] . A final major problem for obtaining accurate prevalence data is that it is impossible to derive the level of intentionality of doping use on the basis of AAFs or ADRVs alone. Preliminary analyses in the sport of tennis showed that a majority of ADRVs are most likely to be unintentional [28, 29] . The legal description of ADRVs in WADA's World Anti-Doping Code does not address the issue of whether the rules have been broken knowingly or inadvertently, although this can play a role in the determination of the exact sanction once a violation has been established. This strict focus on violations per se has led some individuals to conclude that there is no such thing as 'unintentional doping'. Yet, fundamentally speaking, there is a big difference between intentional and unintentional violations. Also, when evaluating the effectiveness of the existing policies, it is important to make a distinction between deliberately violating the existing rules and socalled 'accidents'. The backgrounds of ADRVs may require completely different educational efforts.
Population Estimates Based on Biological Parameters
An indirect way of estimating the prevalence of doping in a group of athletes is to look at the distribution of certain biological parameters. Some work has been performed in this area regarding blood parameters, which gives information on the prevalence of blood-related doping methods, such as erythropoietin-use and other haematological manipulations. In elite cycling, the percentage of 'extreme' (and therefore suspect) haematological values has dropped between 2001 and 2009 from 11 to 2 % [30] , which can be regarded as an indication that haematological doping (or at least 'extreme' doping methods) has decreased during these years. In other sports, similar attempts have been made to link possible doping use to individual blood parameters [31, 32] . A more sophisticated method has been introduced into the area of anti-doping by Sottas et al. [33] .
It is based on a Bayesian model that includes relevant parameters and empirically validated data analysis of both users and non-users of doping. Given a certain populationwide dataset, the model identifies what percentage of the data can be expected to be 'unnatural'. The final result is an estimate of blood manipulation [34, 35] . A disadvantage of thus obtained prevalences is that the model uses certain assumptions, especially regarding as to what constitutes 'normal' and 'supra-physiological' values. Subsequently, it is able to produce different outcomes based on the same input. As an example, Sottas et al. [36] present two columns of possible prevalences of blood manipulations in track and field, dependent on the possible use of 'microdosing' doping. This difference in pre-calculation hypotheses leads to sometimes considerable differences in prevalences (up to 30 % in % points) but, generally speaking, this method provides good insight into doping practices in certain (sub)populations. The most likely estimate is that, in the period between 2000 and 2010, 14 % of all elite athletes in track and field have engaged in some sort of illegal blood manipulation [36] . WADA's AAF reporting has shown much lower period percentages in this sport: 1.0 % in 2011 and 0.8 % in 2010 [15] . Weighing all circumstances, the estimate of 14 % seems far more accurate, noting that this estimate only relates to blood-related doping practices. It is also interesting to note that this study showed a large variation in likely doping between countries, even in the same events, suggesting that doping is not per se a sports-wide problem, but has selective origins and is limited by socioeconomical structures.
Other sports, such as cycling, football, cross-country skiing, speed skating, and biathlon, possess similar data [30, 32, [37] [38] [39] and it would be relevant to see similar analyses in these sports, including distributions per country, per team or per performance level. This is interesting since in cross-country skiing it has been shown previously that those athletes with the highest haemoglobin values are more likely to finish in the top places in elite competitions [38] , whereas such a relationship is absent in speed skating [39, 40] . Such differences may occur as a result of differences in physiological and biomechanical determinants of performance in the specific sport and/or sociological differences in doping/permissiveness, but such discussions should be based on clear and unambiguous data on the prevalence of doping.
The same principle can also be applied to testosteronerelated analyses [41] , but this method has not yet been fully implemented. This means that the Sottas et al. models of doping prevalence currently reveal only part of the picture: they only describe 'haematological doping'. However, they do, in all likelihood, refer solely to intentional doping practices. Although haematological values are known to vary because of various permitted behaviours (such as altitude training) or clinical factors (such as dehydration, sickness), the strength of analysing blood distributions is that the models account for all such factors. The main setbacks of this source of information are the inability to link the available data to individual doping, and the currently very limited availability of actual data from the world of elite sports [42] .
A different approach to looking at doping at a population level could be the chemical analysis of waste water downstream of the sewage system of a selected population. An example of this approach has been published by Schroder et al. [43] near fitness centres. It is an atypical approach that is able to yield general information on the quantities of doping. Unfortunately, current analytical capabilities make it impossible to deploy this for all doping substances, and obviously it will never be possible to link these results to individual doping use. However, it is an interesting option to test the water downstream of athlete villages at major events, such as the Olympic Games, as it is a relatively easy and cheap way of gathering information on a large group of people and to see whether these results reflect similar levels of prohibited substances as found in official doping tests. This principle has been used in prevalence studies on social drugs before, but, as yet, has still to prove its practical usefulness [44] .
Conclusion from Laboratory-Based Chemical Analyses
Doping control test results yield reproducible data and an anonymous, yet individual, account of the presence of doping substances in an athlete's body. However, in practice, these data have limited statistical value, since they include an unreported percentage of legitimate therapeutic use of medications and an unknown percentage of unintentional doping infractions. These data are also much dependent on changes in the regulations of reporting AAFs at the moment of sample collection. However, the most important drawback, is the dependence on underlying testing procedures and on the availability of approved analytical methods, which sometimes lag behind doping. In conclusion, the annual percentage of AAFs cannot be expected to reflect the actual prevalence of doping. Population-based models based on physiological parameters can be expected to yield a far better estimate of actual doping period prevalences. The major drawback of this approach is not the inherent uncertainty of modelling, but that this approach has only been reported in a subset of athletes in track and field, and only in relation to haematological doping. That particular prevalence figure (14 %) is an extra indication that the percentage of AAFs in many sports modalities is an underestimate of true doping prevalence. More information is available to various anti-doping organisations, but so far these have not been made public.
Questionnaires
Standard Questionnaires
Straightforward questioning about possible doping is very rarely used in scientific studies involving elite athletes. Many studies have been conducted with North-American high school athletes or European students, yielding percentages of 1-12 % [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] . These studies have focused primarily on anabolic androgenic steroids. Whenever subgroups of non-competitive athletes who train in fitness centres are included, period prevalences rise up to 70 % [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] . But these are not the target groups for this review. Petroczi et al. [70] claim a self-reported doping prevalence in Olympic sports of between 1 and 30 %, but fail to back up this statement with references.
Elite athletes' doping habits were reviewed in 1997 by Laure [4] , who estimated self-reported doping amongst adult athletes at 5-15 % (presumably period prevalence). This sort of research has received little attention since. This is likely because self-response questionnaires have limited value, especially on controversial issues such as doping, since they have the inherent risk of drawing socially accepted answers in a possibly biased response group [71, 72] . Thevis et al. [59] effectively showed, by means of chemical analyses, that elite sport students do not report all use of prohibited substances in questionnaires. However, self-assessment questionnaires have been shown to have some validity in studies focusing on non-athletic drug abuse [73, 74] .
A strategy to navigate around these pitfalls is to present the issue as a hypothetical question. The standard example that is often (mis)used in discussions about doping in elite sports is the infamous question 'if you would be offered a magic drug that would guarantee that you would win all important competitions in the next 5 years, but you will die from it shortly afterwards-would you take it?' This question was first asked by author Bob Goldman to 198 of his acquaintances, who all participated in strength sports [75] . The results of this 'study' (a staggering 52 % said 'yes') are very often extrapolated to all sorts of populations of elite athletes, whereas an attempt to interpret these data as being applicable to all strength athletes seems already too much extrapolation. This quintessential urban legend obviously lacks any scientific merit. Recent research has shown that, in a more representative field of elite athletes in the sport of athletics, this percentage does not reach 2 % [76].
Randomised Response Technique
The two biggest confounders in regular questionnairebased research, a biased response group and amongst responders the tendency to give socially desirable answers, can be effectively tackled by an alternative questionnaire approach: the 'randomised response technique' (RRT) [77] . This is a technique where the anonymity of the answers is increased by a deliberate mathematical confounder. Respondents first engage in an activity with a known stochastic distribution (e.g. rolling a dice) and depending on this outcome, they either are obliged to answer 'yes', 'no', or the truth. The researcher does not know the outcome of the first activity, and thus does not know whether the given answer is based on the forcedresponse or the truth. After the dataset has been collected, it can be mathematically calculated how many of the answered 'yes' and 'no' must originate from the introduced element of chance, and (thus) how much of 'yes' and 'no' answers must have been truthful. The idea is to enlarge the confidence of the subjects because of the introduced anonymity. The element of play may also play a role in the respondents' willingness to cooperate. The downside is that a certain level of uncertainty must be accepted, as the outcome will not be a single percentage, but a confidence interval. It also means that there are no individual data points; this method will only yield population averages.
The RRT has been used and tested in a variety of socially 'undesirable' behaviour situations since the 1960s, such as social welfare fraud, law-abiding behaviour and sexual habits. Each and every time, the prevalences arising from this study design are higher than those that result from traditional questionnaires, and research has shown that these higher prevalences are closer to the truth [77] [78] [79] .
In doping-related research, only one study has been published that used RRT to investigate intentional doping amongst elite adult athletes [79] . They found that between 26 and 48 % of a group of 448 German Olympic-level athletes admitted to having used doping at some point in their career. The last-year period prevalence was estimated at 20-39 %. The exact reliability of the statistical calculations is not reported. In Germany, RRT has also been applied for doping-related research in two other groups of athletes and in the Netherlands it has been applied once (Table 3) [72, 80, 81] . All these studies have yielded higher prevalences than previously found in regular questionnaire research. For the purpose of doping research, one anticipated aspect cannot be tackled by RRT: a respondent might still be inclined to lie because of the possible consequences on the image of his or her sport, since the athlete is informed that the outcomes will be used for that purpose. Current methods are unable to take this aspect into account.
Conclusions from Questionnaires
Questionnaire-based research indicates that somewhere between 1 and 70 % of all athletes have used doping at some point in their career, depending on their sport and level . It is difficult to compare the studies that have been performed because of varying definitions of 'sport', 'elite level' and 'use of doping'. Traditional questionnaires have a large caveat because their outcomes are prone to socially desirable answers, and as such are likely to underestimate true doping prevalence. The sole study involving adult elite athletes that tried to control for this confounder found a lifetime prevalence of 26-48 % and a last-year prevalence of 20-39 % [79] . This figure needs to be confirmed in different groups of athletes from different nationalities. These sorts of studies currently give the most accurate estimations of doping use in sports. An extra benefit of using RRT questionnaires is that the level of intentionality can be added into the study design.
Inferences from Performances
Athletic Performance and Non-Peer-Reviewed Literature
It is tempting to attribute outstanding performances to the alleged use of doping [82, 83] . The main problem with such a line of thinking is that the athlete will always lose in any such discussion: no matter how much he trains without the use of any prohibited substance, as soon as he excels he is, by default, a doping suspect. The essence of sport is to excel, and if excelling becomes synonymous with suspicions of cheating, each and every sport performance turns into an attack on the essence of sport itself. If such reasoning persists, this will seriously jeopardise the credibility of sport. Especially in cycling, there are a number of (semi)scientific websites that try to link performances in time trials or standardised circuits or climbs (expressed in time or in power outputs) to doping confessions or allegations [84] [85] [86] . These efforts have not yet reached the scientific, peerreviewed literature. They conclude unequivocally that current champions do not reach the performance levels of the best riders of the 1990s or early 2000s. However, it is difficult to make a direct link to doping. In addition, it is possible that performances drop because the amount of doping has decreased, even though the number of individuals who dope may not have decreased. 
Athletic Performance and Peer-Reviewed Literature
For the purposes of this review, the more scientific explorations of the relationship between athletic performances and doping-related issues bear some significance. The previously mentioned finding that, in the 1990s, most top finishers in cross-country skiing have the highest haematological values suggests that haematological doping in that specific culture was performance determining [38] . In such a homogenous group of elite athletes, one would not expect a linear relationship between oxygen transport capability and performance as, in elite sports, it is often not as much the physiological training status but small details such as 'form on the day' or psychological focus that determine who wins and who fails to make the podium. Athletic capabilities are a prerequisite to reach the top, but not necessarily a ticket to win [87] . Unfortunately, this approach does not enable the calculation of a prevalence of doping and may serve only as a hint. Another aspect of performances and doping use was studied by Seiler et al. [88] . They looked at the relative performances between men and women in various power events (running, swimming, speed skating) and noticed that these two groups grew closer to each other up until approximately 1990, after which the gender gap increased again. Discussing various possible reasons for this trend, they conclude that the most likely reason is the advent of out-of-competition testing in the late 1980s, making it more difficult for athletes to use anabolic steroids during training periods. Anabolic steroids, all derived from testosterone, can be expected to have more performanceenhancing properties in females than in males [89] . These findings have been confirmed in later, more extensive, statistical calculations [90] [91] [92] .
An innate problem with trying to link performances to possible doping infractions is that athletic performances are influenced by many factors, such as talent, improvements in training techniques, nutrition, psychological support, and changes in equipment and environment. Over time, athletic achievements tend to improve in every sport, but this does not mean that a failure to progress or even a slight drop in top performances mean that these can be related to doping patterns; they may just as well relate to one or more of the other factors that influence performance. Pure statistical studies into the times of elite cyclists in various races failed to reach a clear conclusion [93, 94] , and this variability in factors that influence the final outcome of a race are most probably the reason to explain this ambiguity. Ernst and Simon speculated that recent improvements in sprinting performance in athletics could be indicative of a novel, very effective doping procedure (with insulin-like growth factor-1 being the primary candidate), but they also could not prove such assumptions [95] .
The most basic disadvantage of inferences from performances is that even though these examples (haematogical values, gender gap, or other) yield information on the trends of suspected doping, they will never give detailed information on a true doping prevalence percentage, let alone in individual cases. In theory, one could do a similar exercise with performances as for the haematological values as discussed in Sect. 2.2: modelling what is 'normal' and estimating what is not. This has not yet been performed in practice. A serious limitation to this approach is that one would need to choose a standardised performance measurement and study this extensively. It is not likely that such data will be available.
Conclusions from Performance Inferences
Analyses of performance data may suggest general trends in doping patterns, but such information can only be used to confirm findings that are collected by other methods. For example, the relative performance gap between male and female athletes has given some information in sport events that are highly dependent on muscular strength and power. These data give an indication that anti-doping efforts influence performances, and that, on a group level, doping patterns have changed in the last 30 years in various sports. However, such data cannot be linked to the prevalence of doping. It can be concluded that, on the basis of performances alone, an individual assessment on possible doping is simply not possible, and, in addition, any attempt to try to do this will violate the essence of sport. Linking extraordinary athletic performances to doping use is highly insulting to clean champions. Both scientifically and morally it is not recommended to try and link performance levels to doping use; at best performances can be used to identify general influences of anti-doping measures on the entire population of elite athletes.
Inferences from Ego Documents
Published accounts of personal experiences, either in autobiographical books or press interviews, give insight into the environment in which an athlete performs or performed. Especially in cycling, various autobiographies have been published that included self-admitted doping [19, 87, [96] [97] [98] [99] . Other sports have also been put under the spotlight [12, 100, 101] . Such information is never neutral, but a collection of individual accounts may serve as a socio-cultural description of perceived doping use amongst fellow competitors. These ego documents are the practical equivalents of case reports in the medical scientific literature. As such, they may serve as a particular data source for the subject of doping use in elite sports, but they will never produce reliable prevalences. As they are also partly commercially induced, the information on the individual level is doubtful. Their value is in pinpointing certain sociological constructs, and the perceptions of doping use by other competitors. These can also be studied by more scientific methodologies such as face-to-face interviews or participant observations, which have already been used in doping studies although not very often [18, 102, 103] . It should be taken into account that humans have a tendency to legitimise their own behaviours by their perception that many others do the same, even if this perception may be inaccurate [104] .
Conclusions from Ego Documents
In theory, a study could be conducted to make an inventory of perceived doping use by elite athletes amongst their direct competition and possibly in other sports. Social networking studies or other sociological approaches may yield interesting qualitative results on the expected degree of doping use. In the end, such figures will mainly reflect the aura of doping, not doping itself. Ego documents from elite athletes will be able to give a hint of doping prevalence in the past, and may confirm data that have been collected by other methods. However, they are not likely to give credible factual information.
Discussion
WADA's Director General, David Howman, has stated that he expects that true doping amongst elite athletes is likely to be 'a double-digit figure' [105] . It is striking that the person who may be the best informed person in the world on this subject can do no better than an educated guess when asked about the prevalence of doping use. It is an area in which scientists may be of help to diminish the level of uncertainty.
Methodological Aspects of Studying the Prevalence of Doping
A combination of questionnaires using the RRT and models of biological parameters provide statistical possibilities to reveal accurate estimates of this often undisclosed practice. Unfortunately, these techniques have rarely been applied in elite sports. It should be kept in mind that these methodologies will only be able to provide an estimate, with confidence intervals on either side of the point estimation; they yield population-based averages without the possibility to draw conclusions on the individual level. However, this uncertainty is much more preferable than the flawed exact numbers that chemical-based analyses show. This does not mean that doping tests have no value for anti-doping purposes; it merely shows that these data should not be used to claim knowledge on the accurate prevalence of doping use, especially in the format in which WADA is currently publishing these figures. The value of doing tests is in providing the strongest possible juridical proof that someone used doping. However, the robustness on the individual level cannot be extrapolated to the group level.
Based on the available evidence, it can be concluded that the prevalence of doping can be very different between sports, countries, and training groups. This has been shown extensively in gyms, and the limited data available in elite sports show a similar picture. Doping tends to concentrate in particular athletic groups who share a coach, trainer, doctor, manager, or other person with a permissive attitude towards doping. The International Association of Athletics Federations (IAAF) study, being the single available scientific description of doping in world-class sports, shows that, at least in athletics, this number is largely dependent on the country for which one is competing, presumably because doping is not so much an individual decision, but rather a final outcome of a social environment that is rather permissive towards doping [18, 106, 107] .
Doping prevalence is also likely to vary between levels of play. The analysis by Maquirriain [28] of tennis-related ADRVs indicated that the prevalence of doping in this sport was in fact lower at the highest levels of the sport. It can be imagined that, at lower levels, the occurrence of 'accidents' (i.e. non-intentional ADRVs) is higher because of less than optimal doping education, although this assumption cannot yet be substantiated by any available data.
Estimating the Prevalence of Doping in Elite Sports
With so much attention given to doping in elite sports, and after almost a decade of intensified anti-doping research since the involvement of WADA in global anti-doping efforts, it is disappointing to see that only two studies have given a good insight into the prevalence of doping in a certain subpopulation of elite athletes: Pitsch et al. [79] in Germany and Sottas et al. [36] in athletics. These approaches should be used more extensively in many more subpopulations in order to reveal the effects of anti-doping measures and to gain as much insight as possible into the central question of anti-doping initiatives: how many athletes are resorting to doping substances or methods? Based on the currently available data, the most likely general period prevalence amongst adult elite athletes is the estimate originating from Germany based on RRT questionnaires: 20-39 % in the last year [79] . This estimate can be supplemented with the population estimates based on biological value parameters in track and field: 14 % of 'haematological' doping between 2000 and 2010 ( In the annual reports of doping tests results, WADA limits itself to the publication of all AAFs and has not yet established an overview of ADRVs. Without such information, it is extremely difficult to evaluate the effectiveness of doping tests. Even without this essential information, it can be concluded that doping tests in their current form will show only a small percentage of intentional doping users. One might argue that, if the average length of a career in elite sports is 10 years, an approximate 1 % of AAFs each year will result in 'catching' 10 % of the entire elite athlete population. But this figure is still lower than the currently available best estimate of the prevalence of doping.
It is striking to see that a study into the use of a permitted substance that might be performance enhancing (nicotine) showed a prevalence of use of 19-56 %, dependent on the sports modality [108] . If the entire doping test system is indeed unable to keep the use of prohibited substances at a lower level than a permitted substance, it adds to the idea that current anti-doping testing is far from effective in curbing doping. It is also disconcerting that calls for more clarity in this area that were made more than 25 years ago have not yet yielded much progress [109] . There has been very little progress since the review by Laure [4] in 1997.
Future Guidelines and Research Agenda
Ideally, the prevalence of doping in all sports and at different levels should be monitored regularly. The most promising tools are questionnaire-like studies using the RRT and population estimates based on physiological variables. These two approaches offer the most accurate objective data on the prevalence of doping and can thus be expected to approximate the truth as closely as possible. One should accept that it is impossible to generate true prevalence figures of any prohibited activity, but modern science provides several possibilities to come close to reality. Anti-doping professionals have not yet taken full advantage of these techniques-or if they have, they have not published them in order to be scrutinised by peer scientists. When analytical science continues to progress, it may become possible in the future to collect data from sewage systems downstream of major sport events.
Reliable information on the prevalence of doping is necessary to perform policy evaluations. However, this is a far cry from current practice. We propose that, first, a harmonised approach to collecting data on prevalence of doping is agreed upon. WADA could be a leading organisation to draft guidelines on how to perform such actions. We propose that the definitions of 'doping' and 'elite sports' are used as they are in this article, and that 'prevalence of doping' will be operationalised as both the lastyear and lifetime incidence of intentional use of one or more prohibited substances with the intention to enhance performance in the sport of the athlete involved. Point prevalences or incidence figures may have additional value, but, given the current state of affairs in this field, it is proposed to focus predominantly on period prevalences in order to optimise comparability. 3-11 % Lifetime (junior) [72] German athletes; data on other nationalities or sports modalities as yet unavailable (see Sect. 3.2)
Inferences from athletic performances -Popular input for doping-related discussions but impossible to reflect prevalence of doping (see Sects. 4.1, 4.2)
Inferences from ego documents -Give some insight into the sociological background of doping and perceived prevalence, but not true prevalence (see Sect. 5)
Conclusion
The most accurate way of estimating the prevalence of doping in elite sports is by using a combination of questionnaires using the RRT and models of biological parameters. So far, these evaluations have not been performed very often, or at least they have not been published. All doping-related discussions and decisions would be strengthened if this vital piece of information, i.e. scientifically reliable information on the prevalence of doping, becomes more readily available. Current data suggest that 14-39 % of elite athletes are doping, but this figure needs further confirmation in different groups of athletes with varying levels and backgrounds. Doping prevalence can be expected to fluctuate substantially between different groups. However, the prevalence figure can be expected to be far higher than the average of 1-2 % of athletes who are caught with doping substances, or their metabolites, in their system. There are many efforts underway to close this gap, but this process is by no means complete.
Evaluations of the prevalence of doping use are not only interesting for sports fans and journalists. They are necessary for anti-doping professionals to enable true evaluation of the effectiveness of their policies. If the non-dopers are cheated by the dopers too often, and when doping tests are insufficient to control doping use in a meaningful manner, anti-doping efforts are doomed to fail. This is not a problem for the anti-doping professionals, but first and foremost for the athletes they have vowed to protect. Tools to evaluate the prevalence of doping use in sports are readily available; they only need to be used more often.
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